Accuracy of segmental multi-frequency bioelectrical impedance analysis for assessing whole-body and appendicular fat mass and lean soft tissue mass in frail women aged 75 years and older M Kim and H Kim BACKGROUND/OBJECTIVE: We aimed to examine the accuracy of segmental multi-frequency bioelectrical impedance analysis (SMF-BIA) for the assessment of whole-body and appendicular fat mass (FM) and lean soft tissue mass (LM) in frail older women, using dual-energy X-ray absorptiometry (DXA) as a reference method. SUBJECTS/METHODS: All 129 community-dwelling Japanese frail older women with a mean age of 80.9 years (range, 75-89 years) from the Frailty Intervention Trial were recruited. The agreements between SMF-BIA and DXA for whole-body and appendicular body composition were assessed using simple linear regression and Bland-Altman analysis. . Bland-Altman plots demonstrated that there was systematic (constant) bias (that is, DXA minus SMF-BIA) with overestimation of whole-body FM (bias ¼ À 1.2 kg, 95% confidence interval (CI) ¼ À 1.5 to À 0.1) and underestimation of whole-body LM (bias ¼ 2.1 kg, 95% CI ¼ 1.8-2.3) by SMF-BIA. Similar, the appendicular measurements also demonstrated systematic bias with overestimation of appendicular FM (bias ¼ À 0.3 kg, 95% CI ¼ À 0.5 to À 0.1) and underestimation of whole-body LM (bias ¼ 1.5 kg, 95% CI ¼ 1.4-1.7) by SMF-BIA. In addition, the individual level accuracy demonstrated a non-proportional bias for whole-body LM (r ¼ 0.08, P ¼ 0.338) and appendicular FM (r ¼ 0.07, P ¼ 0.413). CONCLUSIONS: SMF-BIA had acceptable accuracy for the estimation of whole-body and appendicular FM and LM in frail older women, although SMF-BIA underestimated LM and overestimated FM relative to DXA.
INTRODUCTION
Frailty is an important and common geriatric syndrome that is described as a status of increased vulnerability resulting from the loss of complexity in resting dynamics involving multiple physiological systems with advancing age. 1 The prevalence of frailty increases with age, from 3.9% at 65-74 years to 11.6% at 75-84 years and to 25% in people older than 85 years. In addition, frailty is more prevalent in women than in men. 1 Sarcopenia is a loss of skeletal muscle mass and size that occurs with aging. 2 Although many definitions of sarcopenia have been reported, [3] [4] [5] current definitions focus on loss of appendicular skeletal muscle mass as well as low muscle strength and low physical performance. 6 The European Working Group on Sarcopenia in Older People consensus definition of sarcopenia is based on three stages: the presarcopenia stage involves low muscle mass with normal muscle strength and physical performance; the sarcopenia stage involves low muscle mass and either diminished muscle strength or physical performance; and severe sarcopenia combines all three factors. 6 Several pathophysiological overlaps between sarcopenia and frailty have been observed. 7 Thus, age-related loss in muscle mass and strength are a major component in the development of frailty in the elderly. 8, 9 Moreover, frailty is associated with a decline in muscle mass and quality and a parallel increase in fat mass (FM). 10 Measurement of body composition, including FM and muscle mass in older populations provide important information about their nutritional status. Therefore, the understanding of the body composition of frail elderly populations is an important part of clinical assessment with a goal of optimal prevention and treatment strategies. Dual-energy X-ray absorptiometry (DXA) is an accepted method for the estimation of whole-body and segmental body fat and fatfree mass (FFM), which includes lean soft tissues and bone minerals. [11] [12] [13] However, DXA has disadvantages for use in clinical settings, such as the high cost of equipment, risk of radiation exposure and lack of access to instruments. For clinical use, bioelectrical impedance analysis (BIA) has been used as an attractive alternative method. 4, 14, 15 BIA is a portable, noninvasive, easy to use and convenient method for the patient, and it is also relatively inexpensive compared with other methods. 16 Of the BIA devices developed over the years, segmental multi-frequency (SMF)-BIA devices have advantages over single-frequency BIA devices (50 kHz). [17] [18] [19] SMF-BIA avoids the problems encountered in single-frequency BIA by employing both low-and high-frequency electric currents. 20 In recent years, SMF-BIA has been shown to be valid in the estimation of body composition using DXA as a reference standard. [21] [22] [23] However, these results were obtained from analysis of healthy populations.
To our knowledge, SMF-BIA has not been evaluated in the assessment of total and appendicular body composition in a specifically targeted frail elderly population. Therefore, the aim of this study was to examine the accuracy of SMF-BIA for the assessment of whole-body and appendicular body composition using DXA as a reference method in frail Japanese women aged 75 years and older.
MATERIALS AND METHODS Subjects
The subjects were 129 community-dwelling Japanese frail older women with a mean age of 80.9 years (range, 75-89 years). The study population was recruited from participants in the Frailty Intervention Trial (clinical trials registry, number: JMA-IIA00069). The baseline assessment was conducted on 1835 women aged 75 and older at the Tokyo Metropolitan Institute of Gerontology. Three hundred thirty-one were defined as frail, according to Fried's frailty phenotype with the presence of three or more of following criteria: weight loss, weakness, exhaustion, slowness and low physical activity. 1 In the present study, the five different components of the frailty indicators were evaluated as: (1) weight loss: either, answering 'yes' to the question, 'In the last 6 months, have you lost 42B3 kg unintentionally?' or a body mass index (BMI) o18.5; (2) weakness: hand grip strength o19.0 kg; (3) slowness: usual walking speed o1.10 m/s; (4) exhaustion: answering 'yes' to at least one of two questions, 'I felt that everything I did was an effort' or 'I could not get going'; (5) low physical activity: answering 'true' to at least three of the following four statements, 'I regularly take walks less than once a week,' 'I do not exercise regularly,' 'I do not actively participate in hobbies or lessons of any sort,' and 'I do not participate in any social groups for elderly people or volunteering.' Two hundred (60.4%) of the frail older women were excluded because they were classified into the exclusion criteria or declined participation. The exclusion criteria were: (1) severe knee or back pain; (2) severely impaired mobility; (3) impaired cognition (Mini-Mental State Examination score o24); (4) missing baseline data; and (5) unstable cardiac conditions, such as ventricular dysrhythmias, pulmonary oedema or other musculoskeletal conditions. Of a total of 131 frail older women who participated in the intervention study, body composition was measured in 129 subjects, using SMF-BIA and DXA. The anthropometric assessment of the subjects was conducted at the Tokyo Metropolitan Institute of Gerontology. The participants read and signed the informed consent forms that were approved by the institutional review board before testing. The Clinical Research Ethics Committee of the Tokyo Metropolitan Institute of Gerontology approved the study protocol.
Experimental design
The study model was a cross-sectional analysis of baseline data from the Frailty Intervention Trial. The subjects were instructed to refrain from exercise for 12 h and to refrain from eating for 3 h and drinking for 1 h bfore the measurements. 24 Subject body composition was measured by SMF-BIA and DXA. Both investigations were performed on the same day 2 h apart.
Anthropometric measurements
With the subjects wearing light clothes and no shoes, body weight was measured to the nearest 0.01 kg using DXA equipment, and height was determined to the nearest 0.1 cm using a fixed-wall-scale measuring device. BMI was calculated as body weight in kilograms divided by height in metres squared. The calf circumference was measured at the point of greatest circumference. Dual-energy X-ray absorptiometry (DXA)
As a reference method, DXA (QDR-4500 A scanner; Hologic, Waltham, MA, USA) was used for the measurement of whole and regional body composition, including FM, lean soft tissue mass (LM), bone mineral content and bone mineral density. The subjects were positioned for whole-body scans according to the manufacturer's protocol. The subjects lay in a supine position on the scanner table with their limbs close to their bodies. Their body compositions were analysed manually using DXA analysis software (version 9.03 D; Hologic, Waltham, MA, USA). The segmental analyses of the total body into arm, leg and trunk segments were separated manually with anatomical landmarks by the DXA analysis software. Appendicular skeletal muscle mass 25 was calculated as the sum of the LM of both the right and left arms and legs, with the assumption that all non-fat and nonbone tissue was skeletal muscle. Appendicular muscle index was defined as ASM/body height. 23 The subjects were measured while wearing only a standard light cotton shirt to minimise clothing absorption. The DXA machine was calibrated daily against a spine phantom supplied by the manufacturer before testing. In addition, weekly calibration procedures were performed on a density step phantom. The precision error for bone mineral density and bone mineral content were 0.20-0.77% for the spine phantom. Our laboratory assessment of seven subjects demonstrated that the coefficients of variation for FM, LM and bone mineral content with repeated examinations were o3.0%.
Segmental multi-frequency bioelectrical impedance analysis (SMF-BIA) SMF-BIA was performed with a body composition analyser (InBody 720, Biospace Co. Ltd, Soul, Korea). A tetra-polar 8-point tactile electrode system was used. The system separately measured the impedance of the subjects' right arm, left arm, trunk, right leg and left leg at six different frequencies (1, 5, 50, 250, 500 and 1000 kHz) for each body segment. In accordance with the manufacturer's guidelines, subjects wiped the bottom of their feet with a proprietary electrolyte tissue before standing on the electrodes embedded in the scale platform of the respective analysers. The subjects were instructed to stand upright and to grasp the handles of the analyser, thereby providing contact with a total of eight electrodes (two for each foot and hand). In our study, the within-day coefficient variances for six different frequencies evaluated in nine subjects were 0-1.9%. Proprietary equations from the manufacturer were used to estimate whole and regional body composition variables.
Statistical analysis
The data are expressed as means, s.d. , and range (minimum-maximum). A paired Student's t-test was used to compare the difference in body composition measurements between the SMF-BIA and DXA. To assess the agreement in body composition parameters of whole-body measurements of FM and LM and appendicular measurements of FM and LM as measured by SMF-BIA and DXA, linear regression and Bland-Altman analyses were conducted. Simple linear regression analyses were performed with DXA body composition parameters as the dependent variable to determine whether the regression line differed significantly from the line of identity. In the Bland-Altman plots, 26 the systematic bias was calculated as the mean difference between methods, and the 95% limits of agreement were calculated as the bias ± 2 s.d. of the differences between methods. As there was evidence of proportional bias for body composition parameters, a Pearson's correlation was performed to quantify the bias observed in the Bland-Altman plots. Multiple regression analysis was performed to determine physical variables that influenced the bias of appendicular LM between DXA and SMF-BIA. The independent variables were age, body weight, height and appendicular LM as determined by DXA. Statistical analyses were performed using the IBM SPSS software version 20 (SPSS Inc., Chicago, IL, USA) and the SigmaPlot software version 12.0 (Systat Software Inc., Chicago, IL, USA). For all tests, statistical significance was set at Po0.05.
RESULTS
The characteristics of the frail older women subjects are described in Table 1 with means ± s.d. and ranges. Table 2 describes the body composition parameters obtained by using SMF-BIA and DXA. The means of the body composition parameters estimated by SMF-BIA and DXA were significantly different (Po0.01), except for the segmental FM in both legs (P40.05). Figure 1 displays the results of simple linear regression analyses for whole-body FM and LM, in addition to the appendicular FM and LM parameters as determined by SMF-BIA and DXA. The correlations between SMF-BIA and the body composition parameters estimated by DXA for whole-body FM and LM and appendicular FM were high (r 40.9, all Po0.001). In addition, agreements between the two methods were assessed using Bland-Altman plots at the individual level (Figure 2 ). There was a narrow limit of agreement on the BlandAltman plots for the whole-body FM and LM and the appendicular FM and LM measurements. Almost all individual plots were within the 95% limit of agreement (mean difference±2 s.d.). There was systematic (constant) bias (that is, DXA minus SMF-BIA) with the overestimation of whole-body FM (bias ¼ À 1.2 kg, 95% confidence interval (CI) ¼ 1.5 to À 0.1) and the underestimation of whole-body LM (bias ¼ 2.1 kg, 95% CI ¼ 1.8-2.3) by SMF-BIA. Proportional bias was noted for whole-body FM measurement, with overestimation of the whole-body FM (SMF-BIA) increasing with increasing whole-body FM (r ¼ À 1.42, Po0.01). However, the Bland-Altman plots indicated no significant proportional bias in whole-body LM measurement (r ¼ 0.08, P ¼ 0.338). Similarly, the appendicular parameters were systematically biased, with the overestimation of appendicular FM (bias ¼ À 0.3 kg, 95% CI ¼ À 0.5 to À 0.1) and the underestimation of whole-body LM (bias ¼ 1.5 kg, 95% CI ¼ 1.4-1.7) by SMF-BIA. In contrast, the Bland-Altman plots indicated no significant proportional bias in appendicular FM measurement (r ¼ 0.07, P ¼ 0.413). In addition, proportional bias was noted for appendicular LM measurement, with SMF-BIA tending to underestimate the appendicular LM in the lower range (r ¼ À 1.42, Po0.01).
In a multiple regression analysis, age (b ¼ 0.051), body weight (b ¼ À 0.055), height (b ¼ À 0.091) and appendicular LM as determined by DXA (b ¼ 0.302) were significant contributors to the appendicular LM bias between DXA and SMF-BIA (all, Po0.05) (data not shown). The R 2 in the multiple regression model was 0.421, indicating that 42.1% of the variability in the appendicular LM bias was explained by all variables (P ¼ 0.001).
DISCUSSION
To our knowledge, this is the first investigation to compare the assessment of whole-body and appendicular body composition from SMF-BIA to DXA device-based measurements in a community-dwelling elderly population of frail women Japanese aged 75 years and older. In particular, our study examined the accuracy of SMF-BIA in the heterogeneous population. Our findings indicate that there was good agreement between the two methods for the estimation of whole-body and appendicular body composition in frail older women subjects, but SMF-BIA underestimated LM and overestimated FM relative to DXA. Moreover, the Bland-Altman plots at the individual level demonstrated non-proportional bias for whole-body LM and appendicular FM. 
Body composition estimation in the frail older women M Kim and H Kim
Previous studies have demonstrated that SMF-BIA provides a valid estimation of body composition using DXA as a reference standard. [21] [22] [23] Ling et al. 22 reported that SMF-BIA (InBody 720, Biospace Co. Ltd) had a good agreement with DXA (the same device as used in this study, the Hologic QDR-4500A) in the assessment of total body composition of 484 general middle-aged Dutch subjects. In that study, the coefficients of determination for whole-body FM (R 2 ¼ 0.94) and whole-body FFM (R 2 ¼ 0.95) in linear regression equations with adjusted gender was significantly greater. Anderson et al. 18 found that whole-body FM (R 2 ¼ 0.95) and LM (R 2 ¼ 0.88) measured with SMF-BIA in 25 women aged 18-45 years had a high correlation and small SEE when using DXA (Lunar DPX-iQ2288) as a reference standard. Houtkouper et al. 27 reported that an SEE of 2.0-2.5 kg in men and 1.5-1.8 kg in women is considered ideal in the FFM as calculated by the BIA equations. Whole-body LM, as measured by DXA, is bone mineral-free LM (total FFM À total bone mineral content). Previous studies have reported good correlations between DXA-derived LM and skeletal muscle mass when MRI was used as the criterion (r ¼ 0.94-0.97).
11,28-30 Chen et al. 11 reported that DXAderived LM was highly correlated with MRI-derived whole-body skeletal muscle mass (r ¼ 0.94) in 101 older women aged 50-79 years. Our study found that the Bland-Altman plots indicated no significant proportional bias in whole-body LM measurement. Therefore, SMF-BIA may provide a valid method for assessing whole-body body composition, particularly for the whole-body skeletal muscle mass, assuming that the LM from DXA is skeletal muscle mass in the frail older women.
We found in our study that SMF-BIA underestimated wholebody LM and overestimated whole-body FM relative to DXA (see Figure 1 ). In our study, a subanalysis of the FFM indicated that SMF-BIA underestimated the whole-body FFM (bias, 1.2 kg, 95% CI, 0.9-1.5) (data not shown). These results are consistent with a previous study. The method's bias indicated that SMF-BIA underestimated whole-body FFM and overestimated whole-body FM in women with a mean age of 61.2±6.4 years and a mean BMI of 26.1 ± 4.4 kg/m 2 . 22 However, Vö lgyi et al. 31 demonstrated the validity of SMF-BIA compared with DXA (GE Lunar Prodig) in 86 Finnish women aged 37-81. These researchers observed that SMF-BIA overestimated FFM in normal and overweight groups by 3.2 and 2.9 kg, respectively. Discrepancies between studies are most likely due to differences in the specificity of subject populations (for example, age, gender, body shape, ethnic groups). In our study, SMF-BIA was used to analyse body composition (InBody 720 device). The measurement of FFM with an InBody 720 device was estimated as TBW/0.73. In addition, FM was calculated as the difference between total body weight and FFM. However, FFM hydration of 0.73 has been shown to be remarkably stable in healthy individuals. 32 The change of FFM hydration has been controversial because of the presence of systematic differences in regards to growth, aging, adiposity, gender, body size and acute or catabolic illness. 33 Heymsfield et al. 34 suggest that FFM hydration increases slightly in old age, resulting in a slight, systematic decrease in FFM density. Physiological ageing is associated with several changes that may affect water balance and expose older adults to the risk of dehydration. These changes include a decline in renal function and thirst perception and a reduction of TBW. 35 Thus, SMF-BIA may lead to underestimation of FFM with DXA in the dehydrated state. The extracellular water to intracellular water (ECW/ICW) ratio is a parameter of cellular hydration state. The ECW/ICW ratio ranges from 0.80-1.20 in healthy adults. 33 However, elderly patients displayed chronic cellular dehydration associated with relative extracellular overhydration, which was not evidently related to ageing because healthy elderly volunteers and healthy adults had similar water space distributions. 36 Notably, overhydration is a frequent consequence of organ failures such as kidney impairment, heart failure, chronic obstructive pulmonary disease and liver disease. [37] [38] [39] [40] [41] Basrends et al. 38 reported that chronic obstructive pulmonary disease patients with extreme FFM wasting are characterised by an increased ECW/ICW ratio despite the relative sparing of FM. Therefore, SMF-BIA is dependent on proprietary regression equations to estimate conductor volume (for example, FFM). As these equations have been formulated from healthy populations, they may contribute to error in body composition measurements in specific populations.
This study measured coefficients of determination for appendicular FM (R 2 ¼ 0.82) and appendicular LM (R 2 ¼ 0.76) between SMF-BIA and DXA. Our findings are supported by previous studies that indicate SMF-BIA has excellent agreement in the measurement of the segmental LM as both the right and left arms when using DXA as the reference method (interclass correlation coefficient X0.83). 22 Anderson et al. 21 found that the measurement of appendicular LM by SMF-BIA devices (InBody 720 and InBody520) was moderately to strongly associated (R 2 ¼ 0.62-0.87) with DXA in men and women aged 18-49. In our study, the appendicular FM was in better agreement between SMF-BIA and DXA than the appendicular LM. To our knowledge, no comparative studies exist that evaluate the accuracy of assessing the segmental body composition at the individual level by SMF-BIA (InBody 720 device) in a population of elderly subjects.
In the present study, despite the significant SMF-BIA overestimation of appendicular FM and the underestimation of appendicular LM with DXA, the Bland-Altman plots indicated a non-proportional bias in appendicular FM measurement. However, we observed a proportional bias in appendicular LM, with SMF-BIA tending to underestimate appendicular LM in the lower range (see Figure 2 ). These results are in contrast to the results of previous studies evaluating SMF-BIA in healthy adults. Anderson et al. 21 found a non-proportional bias for appendicular LM as measured by two types of SMF-BIA devices in 25 women with a mean BMI of 26.1 kg/m 2 and aged 18-45. These different findings are probably the result of methodological differences, with the previous data confined to small subject numbers dispersed over a wide age range. In particular, the findings may be the result of a combination of physical factors such as different body sizes. Bedogni et al. 17 found that eight-polar SMF-BIA was precise and gave accurate estimates of TBW in healthy subjects with a BMI range from 18.5-29.9 kg/m 2 . In our study population, the prevalence of underweight subjects (BMI values below 18.5 kg/m 2 ) in the frail older women population was 24%, with a TBW-to-body weight ratio of 44.8%. Thus, the Fried's definition includes weight loss criteria. 1 We found that in multiple regression analysis, the age, body weight, height and appendicular LM determined by DXA were associated with the bias of appendicular LM between DXA and SMF-BIA among the frail older women subjects. Therefore, SMF-BIA may tend to underestimate appendicular LM in the lower range as underweight when using DXA as the reference method.
Our study has some limitations. First, although DXA is a validated 'gold standard' reference method, it is still only an estimate of body composition. Therefore, validation against DXA is not the most accurate analysis possible. [42] [43] [44] However, it is included as a reference method because of its wide availability and previous validation. Second, it is likely that the focus of our study on frail older women in communities may not be applicable to populations in nursing homes, hospitals and other institutions. Finally, the hydration status of the study subjects was not determined before the body composition assessment.
In conclusion, the present study confirmed that SMF-BIA had acceptable accuracy in the estimation of whole-body and appendicular FM and LM in frail women subjects aged 75 years and older, although SMF-BIA underestimated LM and overestimated FM relative to DXA. In addition, the individual level accuracy revealed non-proportional bias for whole-body LM and appendicular FM measurement. This may suggest that SMF-BIA can be used in intrapersonal comparisons, with the understanding that SMF-BIA measurements will include errors. Our findings indicate that SMF-BIA would be useful for community-based research in measuring body composition in frail older women populations. Future research efforts should examine the validity of the SMF-BIA models in predicting body composition changes in frail elderly populations with diverse body shapes and compositions.
